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The production of photons from heavy-ion collisions at intermediate energies is studied in the
model based on the Boltzmann-Uehling-Uhlenbeck equation. Taking into account photon produc-
tion from nucleon-nucleon collisions, the theoretical results are in reasonable agreement with the
experimental data at 40 MeV/nucleon, but cross sections are smaller by about a factor of 5, com-
pared to experiment at 35 MeV/nucleon. The results at these energies show no dependence on
the nuclear equation of state.
Heavy-ion collisions at intermediate energies is an area
which has not been explored extensively. Interesting
physics is expected because of the interplay between the
nuclear mean field and the residual nucleon-nucleon col-
lisions. This is in contrast to heavy-ion collisions at low
and high energies where the reaction dynamics is dom-
inated by the nuclear mean field and the nucleon-nucleon
collisions, respectively. A model based on the Boltz-
mann-Uehling-Uhlenbeck (BUU) equation which in-
cludes both the mean field and the Pauli blocking of
nucleon-nucleon collisions has been introduced recently to
describe heavy-ion collisions at intermediate energies. '
Important information about the properties of dense nu-
clear matter has been extracted by comparing experimen-
tal observables such as the collective flow and the pion
production rate with those calculated with this model.
However, these studies should be considered tentative as
the relation of the equation of state to such observables is
clouded by the dependence of these observables on dy-
namic properties of nuclear matter. Since these dynamic
properties are as hard to calculate from first principles as
is the equation of state, the problem of interpretation of
the measurements demands that more observables be
marshalled to the eA'ort. Furthermore, both the collective
flow and the pion production rate involve strongly in-
teracting particles and are therefore significantly aff'ected
by the later stages of the collision, when the nuclear equa-
tion of state does not play an important role. To study the
equation of state of nuclear matter which aAects mainly
the initial dynamics of the collision, it is desirable to use
weakly interacting probes such as kaons and photons.
Various models have been introduced to study photon
production in heavy-ion collisions. They fall basically into
the two categories of coherent and incoherent ' pro-
duction. Within each category, the diff'erences are in the
description of the heavy-ion collision dynamics. As the
BUU model is the best model available for describing
heavy-ion collisions at intermediate energies, it is desir-
able to use this model to study photon production in
heavy-ion collisions. This has been carried out recently by
Bauer et al. ' Our studies, however, differ from theirs in
the treatment of the photon production probability from
the nucleon-nucleon collision. Also, we choose different
experimental data for comparisons with the theoretical
calculations in order to illustrate the diA'erences that
presently exist among the experimental data.
During the collision of two nuclei, photons are emitted
from protons when they are deaccelerated by the mean
field and undergo collisions with other nucleons. Since
low-energy photon production is not sensitive to the de-
tailed collision dynamics in the intermediate stage when
the mean field is important, the contribution to photon
production from the mean-field deacceleration of protons
will not be significant. For high-energy photons, the main
contribution is from individual nucleon-nucleon collisions
unless the mean field changes significantly in a short time
scale which is not expected for heavy-ion collisions at in-
termediate energies. This is confirmed by a recent study
in Ref. 13.
Considering only photon production from nucleon-
nucleon collisions, the amplitude for emitting a photon
with polarization s&, wave vector k, and frequency co is
given by
ZppZT
Aq=ie g +exp[ —irot, +ik r(t,)].
n
where v„1(t,) and vt+1(t, ) are velocities of the proton before and after the collision at time t, and at position r(t, )
The projectile and target proton numbers are denoted by Zp and ZT, respectively. However, Eq. (1) is valid only in the
low-frequency limit since for high frequencies, some terms in Eq. (1) will not contribute due to the Pauli blocking of the
final nucleon states and, furthermore, each term in Eq. (1) will have to be weighted diA'erently according to the density of
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final nucleon states. Since we are interested mainly or
only in the high-energy photon production, which is more
sensitive to the initial high-density dynamics of heavy-ion
collisions, the interference between the amplitudes is
insignificant and the photon emission probability is essen-
tially given by the incoherent sum of the individual contri-
bution from each collision. In this case, we can incorpo-
rate both eA'ects to a good approximation in the calcula-
tion of the photon emission probability. First, we need to
determine the momenta of both nucleons after the emis-
sion of a photon. This can be done conveniently in the
Monte Carlo simulation of the nucleon-nucleon collision.
Once the scattering angle after the collision is determined,
then one can determine uniquely the momenta of the two
nucleons from conservation laws. To take into account
the final state density, we evaluate the phase space in-
tegral over the final state and obtain the following factor:
mp3$F
I pi —p2 I Ei&2 I p'&4 —&3p3 p. I
(2)
In the above, p& and E & are, respectively, the momentum
and energy of the proton of mass m before the collision
with another nucleon with momentum p2 and energy E2.
After emitting a photon, its momentum and energy are p3
and E3 while the other nucleon has momentum p4 and en-
ergy E4. The quantity s is the square of the average of the
initial and final center-of-mass energy of the two colliding
nuclei. The phase space eAect is then incorporated into
the calculation by multiplying by F. The Pauli-blocking
eff'ect is included by introducing the factor
[1 —f(r3, p3)] [1 —f(r4, p4)),
where the f 's are the phase space distribution of the nu-
cleons after photon emission.
To determine photon production rate from heavy-ion
collisions, we solve the BUU model for the collision dy-
namics and calculate the photon production probability
perturbatively from the nucleon-nucleon collision. This is
a valid approximation since the photon production cross
section is very small compared with the nucleon-nucleon
total cross section.
We have performed calculations using the BUU model
for the reaction ' N+ Pb at 40 MeV/nucleon (Ref. 15)
with an isotropic nucleon-nucleon cross section of 40 mb.
In Fig. 1, the photon energy spectrum at @,b-30' is
shown by the solid curve which is in reasonable agreement
with the experimental data. Also shown in the figure by
the long-dashed curve is the contribution from nucleons in
their first collisions with other nucleons. This is about
one-third of the total photon yield and is consistent with
the calculation by Nakayama and Bertsch' which is
given by the dashed curve. Our results from the first col-
lision model are slightly diff'erent from theirs as we treat
the distortion of the Fermi spheres more realistically. The
angular distribution for 30-MeV photon emission is shown
in Fig. 2. The solid curve is the calculated results and is
less forward peaked than the experimental data show.
We have also carried out calculations for the reaction of
'4N+ sNi at an incident energy of 35 MeV/nucleon. '
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FIG. 1. Photon energy spectrum at @,b 30 for the reaction
'~N+20~Pb at an incident energy of 40 MeV/nucleon. The solid
curve is from the calculation while the data are from Ref. 15.
Calculations based on the first collision model are given by the
long-dashed curve from our model and by the short-dashed
curve from Ref. 13.
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FIG. 2. Angular distribution for photon energy co 30 MeV
for the same reaction as in Fig. 1. The solid curve is the calcu-
lated results while the data are from Ref. 15.
The results are shown in Fig. 3. The theoretical results for
the photon energy spectrum at O~,b 60 are given by the
solid curve which is about a factor of 5 smaller than the
experimental data given by the histogram. The angular
distribution for photon energies between 35 and 55 MeV
is shown in Fig. 4 by the solid curve. Compared with the
experimental data given by the histogram, it is seen that
the theoretical angular distribution has a less prominent
peak at @,b -60 .
To study the sensitivity of the photon spectra to the nu-
clear equation of state, we have done calculations with
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FIG. 3. Photon energy spectrum at @,b 60' for the reaction
'4N+5sNi at an incident energy of 35 MeV/nucleon. The solid
curve is from the theoretical calculation while the histogram is
the data from Ref. 16.
both a soft and a stiA' equation of state, corresponding to a
nuclear compressibility of 200 and 380 MeV, respectively.
But calculations with the BUU model at these energies do
not show a discernible dependence on the nuclear equation
of state. Chiefly, this is because the maximum density
reached in the central collision at such energies is only
about 25% above the normal nuclear matter density. To
use photons as a probe of the properties of the dense nu-
clear matter, it is necessary to study reactions at higher
incident energies where the maximum density reached in
the collision is appreciable. One then expects significant
eff'ects due to the equation of state on high-energy photon
production. This is because the high-energy photons are
created from nucleon-nucleon collisions at the initial stage
when the nuclear density is high. Then the energy needed
for compressing the nuclear matter is not available for
creating particles. A soft equation of state implies that
nucleons have more kinetic energies than the case of a stiA'
FIG. 4. Angular distribution for photon energies 35
MeV~ co~55 MeV for the same reaction as in Fig. 3. The
solid curve is from the theoretical calculation while the histo-
gram is from the data of Ref. 16.
equation of state and have thus higher probabilities for
producing high-energy photons. On the other hand, low-
energy photons are created whenever a proton collides
with other nucleons and are thus less sensitive to the nu-
clear equation of state.
In conclusion, we have calculated the photon production
cross section in heavy-ion collisions from the nucleon-
nucleon collisions only with the collision dynamics deter-
mined by the Boltzmann-Uehling-Uhlenbeck model. The
calculated cross sections are in reasonable agreement with
the Michigan data, but are smaller by about a factor of 5
than the Oak Ridge-Stony Brook data. We have found
that the theoretical results at such low collision energies
are not sensitive to the equation of state used in the BUU
model. It is suggested that studies conducted at higher in-
cident energies will have better sensitivity.
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